Ablation of the area postrema/caudal nucleus of the tractus solitarius (NTS) complex increases sodium intake, but the effect of selective lesions of the caudal NTS is not known. We measured depletion-induced sodium intake in rats with electrolytic lesions of the commissural NTS that spared the area postrema. One day after the lesion, rats were depleted of sodium with furosemide (10 mg/kg body weight, sc ) and then had access to water and a sodium-deficient diet for 24 h when 1.8% NaCl was offered. Water and saline intakes were measured for 2 h. Saline intake was higher in lesioned than in sham-lesioned rats (mean ± SEM: 20 ± 2 vs 11 ± 3 mL/2 h, P < 0.05, N = 6-7). Saline intake remained elevated in lesioned rats when the tests were repeated 6 and 14 days after the lesion, and water intake in these two tests was increased as well. Water intake seemed to be secondary to saline intake both in lesioned and in sham-lesioned rats. A second group of rats was offered 10% sucrose for 2 h/day before and 2, 7, and 15 days after lesion. Sucrose intake in lesioned rats was higher than in sham-lesioned rats only 7 days after lesioning. A possible explanation for the increased saline intake in rats with commissural NTS lesions could be a reduced gastrointestinal feedback inhibition. The commissural NTS is probably part of a pathway for inhibitory control of sodium intake that also involves the area postrema and the parabrachial nucleus.
Introduction
Sodium depletion stimulates the intake of salty solutions. Depletion-induced sodium appetite depends on both the forebrain and the midbrain. Sodium depletion stimulates the production of angiotensin II, which acts on the vascular organ of the lamina terminalis and the subfornical organ in the forebrain to stimulate salt intake. In the midbrain, the lateral parabrachial nucleus can powerfully inhibit sodium intake (1, 2) .
Hindbrain areas, especially the area postrema and the adjacent nucleus of the solitary tract (NTS), also affect the intake of sodium, but their function is less clear. This region receives visceral and cardiovascular vagal information, and it has been suggested that lesions in this area affect fluid intake by disrupting feedback inhibition (3) . Lesions of the area postrema stimulate sodium intake even in animals that are not sodium depleted (4) (5) (6) . However, neighboring regions may have opposite effects on sodium intake. For example, area postrema lesions that include parts of the NTS are less effective in stimulating saline intake than area postrema lesions that leave the NTS intact (6) .
We hypothesized that the caudal (commissural) NTS may also affect sodium intake. The commissural NTS is C.A. Ogihara et al.
www.bjournal.com.br the first relay in the central nervous system for chemoreceptor afferents, but also contains axons of neurons from the rostral NTS, which receives afferents arising from the gastrointestinal tract and gustatory axons from the facial, glossopharyngeal, and vagus nerves (7) (8) (9) . Gustatory neurons in the anterior NTS project to the parabrachial nucleus (8) (9) (10) (11) . The parabrachial nucleus sends gustatory information to other structures known to be involved in sodium appetite, including the central nucleus of the amygdala (12) .
The present study was designed to investigate the effect of lesions restricted to the commissural NTS on sodium appetite. Because the cardiovascular effects of commissural NTS lesions vary with time (13), we studied the effects of the lesions at various times. In order to evaluate whether these lesions specifically affect sodium intake or also affect other types of fluid intake, we measured the effect of the lesions on need-free intake of a sucrose solution.
Material and Methods

Animals
Male Wistar rats weighing 350-400 g at the beginning of the experiments were used. The rats were housed individually in metabolic cages in a temperature-controlled room (22°C) with a 12-h light/dark cycle (lights on at 7:00 am), and had free access to rat chow and water. All procedures were in accordance with the code of practice for the care and use of animals for scientific purposes of the Brazilian College of Animal Experimentation (COBEA), and were approved by the Animal Experimentation Ethics Committee of the Federal University of São Paulo.
Sodium depletion and sodium appetite test
Rats received an sc injection of furosemide, 10 mg/kg body weight (10 mg/mL; Lasix, Aventis, Brazil). During the next 24 h, drinking water remained available, and the regular chow was replaced with a low-sodium diet (corn meal). Then, the rats were allowed to drink for 2 h from graduated tubes containing water and 1.8% NaCl. Water and saline intakes were measured at 30, 60, 90, and 120 min.
Brain lesions
Rats were anesthetized with ketamine (50 mg/kg body weight, ip ; Dopalen, Vetbrands, Brazil) and xylazine (10 mg/kg body weight, im ; Anasedan, Vetbrands) and placed in a stereotaxic apparatus (960, DKI, USA) with the incisor bar positioned 11 mm below the interaural line. The skin was incised from a point just rostral to the occipital crest to the midcervical region, and the muscles were dissected to expose the atlanto-occipital membrane. This membrane and the underlying dura mater and arachnoid membranes were incised to expose the dorsal surface of the medulla. The area postrema was visualized with a surgical microscope. A Teflon-insulated tungsten electrode (0.25 mm, A-M Systems, USA) was placed in the commissural NTS (on the midline, 0.1 mm posterior to the area postrema, and 0.5 mm below the dorsal surface of the medulla). Lesions were produced by passing a 3-mA current for 3 s, using a constant current source (model EL-0502, Insight Equipamentos Científicos, Brazil), with the electrode connected to the negative terminal of the current source. Sham rats were subjected to the same surgical procedure but no electric current was passed. Muscle and skin were closed with sutures and a prophylactic injection of antibiotic (0.2 mL im, veterinary pentabiotic for small animals 2000 U/mL; Fort Dodge, Brazil) was given.
Histological analysis
At the end of the experiments, the rats were sacrificed with an overdose of urethane (2 g/kg ip; Sigma, USA) and perfused through the heart with 60 mL 10% formalin. The brain stem was removed and stored in 10% formalin for 48 h. Serial coronal 40-μm sections were cut with a freezing microtome and sections containing the lesion site were mounted, stained with neutral red (Sigma) and examined under a light microscope.
Statistical analysis
Data are reported as means ± SEM. Data were analyzed by two-way analysis of variance (ANOVA). Differences between groups at each time were analyzed by the Tukey post hoc test. The level of significance was set at P < 0.05.
Experimental protocols
To measure the effect of commissural NTS lesions on sodium appetite we used 7 lesioned rats and 6 shamlesioned rats. All rats were injected with furosemide 7 days before surgery. The same rats received furosemide again 1, 6, and 14 days after surgery. Sodium appetite was measured 24 h after each furosemide injection in a twobottle test as described in Material and Methods.
To measure the effect of the lesions on sucrose intake, a different group of rats with permanent access to water was allowed to drink 10% sucrose from a graduated tube for 2 h/day (from 12:00 am to 2:00 pm) for 5 days. Intakes of sucrose and water were measured at 30, 60, 90, and 120 min on the 5th day. On the 6th day, rats were submitted randomly to commissural NTS lesions (N = 5) or sham Sodium appetite and commissural NTS www.bjournal.com.br lesions (N = 5). Sucrose was offered again to these rats 2, 7, and 15 days after lesioning, and water and sucrose intakes were measured as before.
Results
Post-mortem analysis showed that lesions of the commissural NTS were located on the midline above the central canal and extended from the level of the obex to ~1 mm caudal to the obex (Figure 1 ). Lesions virtually destroyed the commissural NTS completely but did not affect the area postrema or lateral regions of the NTS. The extent of the lesions was similar to that observed in our earlier studies (13) (14) (15) (16) . Only rats whose lesion sites were located in the commissural NTS were considered for data analysis. Seven from a total of 10 lesioned rats were used for data analysis in the sodium appetite group. Five from 8 lesioned rats were included for data analysis in the sucrose intake group.
Need-induced intakes of 1.8% NaCl and water were measured in two-bottle tests both before and after lesioning the commissural NTS. In the pre-lesion test, sodium-depleted experimental and control rats drank similar amounts of saline. After lesion, saline intake was larger in lesioned rats than in sham-lesioned controls (Figure 2 ). This difference was seen already 2 days after lesion (F 1,40 = 10.8, P < 0.01), and continued until the end of the experiment, 15 days after lesion (F 1,44 = 20.4, P < 0.001).
Sodium-depleted rats drank little water, especially during the first half hour of the test. In the pre-lesion test, water intake was similar in the control and experimental groups. Two days after the lesion, water intake was similar in lesioned and sham-lesioned rats, but in later tests the lesioned rats drank more water than sham-lesioned con- Figure 2 . Cumulative intake of 1.8% NaCl by sodium-depleted rats before surgery, and 2, 7, and 15 days after commissural nucleus of the tractus solitarius lesions or sham lesions. Data are reported as means ± SEM for 6 sham and 7 lesioned rats in each group. *P < 0.05 compared to sham-lesioned rats (two-way ANOVA followed by the Tukey post hoc test). www.bjournal.com.br control and experimental groups was similar in the prelesion test. One week after the lesion, sucrose intake was significantly higher in lesioned than in sham-lesioned rats (F 1,32 = 9.6, P < 0.01), but this effect was not seen 2 days or 15 days after the lesion (Figure 4) . Although the rats were allowed to drink water during the period of access to sucrose, they drank little (< 1 mL), and water intake was similar in the lesioned and sham-lesioned groups.
AP
Discussion
The present study showed that acute and chronic lesions of the commissural NTS enhanced sodium and water intake. The effect on sodium intake was rapid. Water intake was always low during the initial part of the sodium appetite test, and may well have been a consequence of increased tonicity of the gut or blood secondary to intake of hypertonic saline solution. Sucrose intake was increased 7 days after lesion, but not 2 and 15 days after lesion. Our data suggest that the lesions may impair gastrointestinal satiety signals, but we cannot yet rule out other mechanisms.
Both inhibitory and excitatory mechanisms affect sodium intake. Among the excitatory mechanisms are circulating angiotensin and aldosterone, which are released after sodium loss. It seems unlikely that lesioned rats lost more sodium than control rats during the depletion period because commissural NTS lesions do not increase blood pressure and in fact reduce blood pressure in spontaneously hypertensive rats (14-16), but we do not have data on changes in sodium balance and blood volume during the depletion period. It also seems less likely that increased sodium appetite in lesioned rats was due to aldosterone, because our lesions probably destroyed part of the aldosterone-sensitive neurons that are thought to stimulate sodium intake (17) (18) (19) (20) . Unfortunately we have no information on the effect of the lesions on plasma angiotensin levels and on the efficiency of angiotensin, but it has been shown recently that rats with chronic commissural NTS lesions overdrink in response to isoproterenol (21), a β-adrenergic agonist that stimulates an angiotensin-dependent thirst.
The lesions could also reduce inhibitory mechanisms. With respect to sodium appetite, gastrointestinal stretch may provide an important satiety signal (22) . Earlier studies have suggested an inhibitory circuit for salt appetite that involves projections from the area postrema and NTS to the parabrachial nucleus (23) . The lateral parabrachial nucleus can powerfully inhibit sodium intake (1,2). It has been suggested that the increased intake of fluids in rats with area postrema lesions is caused by the lack of rapid Figure 3 . Figure 3 . Figure 3 . Figure 3 . Figure 3 . Cumulative water intake by sodium-depleted rats before surgery, and 2 days, 7 days, and 15 days after commissural nucleus of the tractus solitarius lesions or sham lesions. Data are reported as means ± SEM for 6 sham and 7 lesioned rats in each group. *P < 0.05 compared to sham-lesioned rats (two-way ANOVA followed by the Tukey post hoc test). Figure 4 . Cumulative 10% sucrose intake at 30, 60, 90, and 120 min before surgery, and 2, 7, and 15 days after commissural nucleus of the tractus solitarius lesions or sham lesions. Data are reported as means ± SEM for 5 sham and 5 lesioned rats in each group. *P < 0.05 compared to sham-lesioned rats (two-way ANOVA followed by the Tukey post hoc test). trols (7 days: F 1,44 = 27.2, P < 0.001; 15 days: F 1,44 = 4.4, P < 0.05; Figure 3) .
In a second group of rats we determined whether the lesions affected the intake of other solutions. Rats were allowed access for 2 h/day to 10% sucrose, a solution that is isosmotic with the body fluids. Sucrose intake in the Sodium appetite and commissural NTS www.bjournal.com.br feedback inhibition (3) . We suggest that impairment of this mechanism mediates the increased sodium intake after commissural NTS lesions. Lack of feedback inhibition can also explain our finding that the lesions can stimulate the intake of sweet solutions, even though they reduce daily food intake (24) . In addition it was recently reported that commissural NTS lesions stimulate the water intake induced by isoproterenol (21) . Similar lesions do not increase daily water intake (24) . All of these findings support the idea that rats with commissural NTS lesions lack the satiety signals that normally terminate a meal or a drinking bout. The commissural NTS receives dense projections from gastrointestinal afferents (25, 26) , and these might be missing in lesioned rats. The NTS, and especially its more rostral areas, also receives gustatory primary afferents (26) , and anterograde tracer studies have demonstrated that neurons within the rostral NTS project to the commissural NTS, to the parabrachial nucleus, and to the reticular formation (27, 28) . However, changes in taste do not explain reduced daily food intake coupled to overdrinking of sucrose solution by lesioned rats. Unfortunately it is not yet known if commissural NTS lesions reduce need-free saline intake.
The commissural NTS is an important area for integration of chemoreceptor and aortic baroreceptor responses (7, 15, 29) . Lesions of the commissural NTS do not change basal arterial pressure in normotensive rats (14, 15) , and therefore the increased sodium intake in lesioned rats in the present study was probably not due to reduced blood pressure. Lesions of the commissural NTS also acutely abolish chemoreceptor reflex responses, attenuate the reflex tachycardia evoked by sodium nitroprusside, and enhance the pressor response evoked by carotid occlusion (14, 15, 30) . However, baroreceptor denervation reduces need-induced sodium intake (31) , suggesting that increased saline intake in commissural NTS-lesioned rats is not caused by impaired processing of arterial baroreceptor input.
Increased saline intake with commissural NTS lesions is surprising because it has been shown that lesions of the area postrema stimulate induced sodium intake, but larger lesions that include both the area postrema and the commissural NTS do not (4) (5) (6) . Similarly, it has been reported that the inhibition of daily food intake induced by area postrema lesions is reduced if the lesions also include parts of the NTS (6), whereas lesions of only the commissural NTS greatly reduce daily food intake (24) . The area postrema sends a prominent projection to the medial NTS (32) , and at least a portion of this projection appears to inhibit NTS neurons (33) . The medial NTS, in turn, projects to areas in the forebrain and hypothalamus that are known to be important for the control of body fluid homeostasis and ingestive behavior (3) . Presumably the functional anatomy of this region is more complex than currently known.
Therefore, the major contribution of this study is that the commissural NTS constitutes part of the inhibitory pathway involved in sodium appetite control. This finding helps to elucidate part of the central integrative mechanisms involved in sodium appetite regulation.
